Peritubular capillary C4d staining in allograft kidney is an important criterion for antibody-mediated rejection. Whether BK virus infection can result in complement activation is not known. We studied 113 renal allograft biopsies from 52 recipients with a history of BK virus activation. The samples were classified into four groups according to the concurrent detection of BK virus DNA in urine, plasma, and/or biopsy: BK-negative (n ¼ 37), viruria (n ¼ 53), viremia (n ¼ 7), and nephropathy (n ¼ 16) groups. The histological semiquantitative peritubular capillary C4d scores in the viremia (0.3 ± 0.8) and BK nephropathy (0.6 ± 0.9) groups were lower than those in the BK-negative group (1.2±1.1, P ¼ 0.05 and P ¼ 0.06, respectively) and the viruria group (1.2±1.1, P ¼ 0.04 and P ¼ 0.06, respectively). Diffuse or focal peritubular capillary C4d staining was present in 9/76 (12%) and 14/76 (19%) of all samples with concurrent BK virus reactivation (viruria, viremia, and nephropathy). The diagnosis of antibody-mediated rejection could be established in 7/9 (78%) and 5/14 (36%) of these samples, respectively. Diffuse tubular basement membrane C4d staining was restricted to BK nephropathy cases (4/16, 25%). Semiquantitative tubular basement membrane C4d scores were higher in BK nephropathy (1.2 ± 1.3) compared with BK-negative (0.05 ± 0.3, P ¼ 0.017) and viruria (0.0 ± 0.0, P ¼ 0.008) groups. Bowman's capsule C4d staining was more frequent in BK nephropathy (5/16) compared with the aforementioned groups (2/36 (P ¼ 0.023) and 4/51 (P ¼ 0.03), respectively). Within the BK nephropathy group, samples with tubular basement membrane stain had more infected tubular epithelial cells (12.1 ± 7.6% vs 4.4 ± 5.0%, P ¼ 0.03) and a trend toward higher interstitial inflammation scores. In conclusion, peritubular capillary C4d staining remains a valid marker for the diagnosis of antibody-mediated rejection in the presence of concurrent BK virus infection. A subset of biopsies with BK nephropathy shows tubular basement membrane C4d staining, which correlates with marked viral cytopathic effect.
BK virus is a human polyomavirus that can be associated with premature graft failure due to BK virus nephropathy in renal transplant immunosuppressed recipients. [1] [2] [3] [4] [5] [6] Early diagnosis is the key to reduce the incidence of disease, because advanced nephropathy does not respond neither to reducing immunosuppression nor to antiviral drugs, such as cidofovir, leflunomide, or fluoroquinolones. 7 For this reason, serial urinary and plasma measurements of BK virus DNA using real-time quantitative PCR are used to monitor reactivation of BK virus, which is widely latent in the kidney of healthy subjects and transplant recipients.
C4d is a classical pathway complement degradation product that, when detected in peritubular capillaries, correlates with antibody-mediated rejection, and is associated with poor renal allograft outcome. [8] [9] [10] [11] It is believed that the activation of C4
by antigen-antibody interaction results in its cleavage to C4a and C4b. C4b binds to amino or hydroxyl groups and is then converted to C4d, which can covalently bind with endothelial basement membranes in peritubular capillaries. 12 In vitro experiments with purified Epstein-Barr virus and cytomegalovirus-infected fibroblasts have shown that viruses can directly cause activation of serum complement. 13, 14 This notion has not been directly tested for BK virus. Honsová et al. 15 described focal peritubular capillary C4d staining in 9/12 (75%) cases of BK nephropathy, but did not measure the presence of donor-specific alloantibodies in their patients. In contrast, Ott et al. 16 observed focal peritubular capillary C4d staining in only 2/6 (33%) of biopsies showing BK nephropathy, whereas Meehan et al. 17 found no staining in any of the 28 BK nephropathy biopsies studied by them. Bracamonte et al. 18 and Hever et al. 19 showed immune complex deposits in the tubular basement membrane in a subset of BK nephropathy patients, but did not perform immunohistochemistry for C4d in their biopsy material. In this study we systematically analyzed C4d staining in 113 biopsies from 52 renal transplant recipients with BK virus activation. The results of immunohistochemistry were correlated with clinical and pathological findings.
Materials and methods

Design
We retrospectively reviewed clinical information and surgical pathology findings in 113 biopsies from 52 patients with a history of BK virus activation defined as at least one post-transplant episode of viremia and/or viruria. All the studied samples were 'for-cause' biopsies performed for rising serum creatinine level between 2004 and 2007. Concurrent BK virus activation was defined as the presence of BK nephropathy, or the detection of BK virus DNA in the urine or plasma within 14 days of performing the biopsy. BK nephropathy was defined as the presence of intratubular viral inclusions with a positive in situ hybridization test for viral DNA. 6 This study was conducted in accordance with the procedures established by the University of Pittsburgh institutional review board (IRB protocol no. 0602155).
Histological Evaluation
Semiquantitative histological scores for acute rejection components, namely glomerulitis (g), interstitial inflammation (i), tubulitis (t), and intimal arteritis (v), were recorded. Similarly, pathological scoring for chronic changes, such as chronic transplant glomerulopathy (cg), interstitial fibrosis (ci), and tubular atrophy (ct), was also semiquantitatively assessed using the Banff 1997 criteria for renal allograft pathology. 20 In addition, samples were classified as negative, suspicious, or diagnostic for acute antibody-mediated rejection based on the Banff 2001 criteria. 11 In BK nephropathy cases, biopsy viral load was assessed using in situ hybridization for BK virus DNA as follows: if the number of positive cells was less than 5, the percentage was estimated as o1%. Otherwise, the approximate percentage of positive tubular cells was rounded to the nearest 5%.
C4d Staining
The standard practice in our medical center is to submit biopsies fixed in formalin for histological evaluation. We routinely performed C4d immunostaining using a rabbit anti-human C4d polyclonal antibody (ALPCO Diagnostics, Windham, NH, USA). In brief, 4 mm, formalin-fixed, paraffin-embedded sections of kidneys were deparaffinized, placed in a pressure cooker for 20 min, and sequentially incubated at 37 1C with TRIS-EDTA (pH 8.5), with 1:50 dilution of primary antibody for 44 min, 1:100 dilution of a biotinylated anti-rabbit secondary antibody for 8 min, streptavidin-alkaline phosphate conjugate for 8 min, Fast red or brown A-naphthol for 8 min, and Fast red or brown B-naphthol for 8 min. The sections were then counterstained with hematoxylin. All reagents were components of the Ventana enhanced alkaline phosphatase red or brown detection kit (Cat no. 760-031, Ventana Medical Systems, Tucson, AZ, USA).
C4d Stain Interpretation
Peritubular capillary staining was classified as diffuse when staining was present in more than half of the microscopic fields examined. Staining was referred to as focal or minimal when present in 10-50% or o10% of the microscopic fields, respectively. The absence of detectable staining was regarded as negative. As immunohistochemical C4d was performed on paraffin-embedded tissue, both focal and diffuse peritubular capillary staining patterns were regarded as significant. This was in accordance with the Banff 2007 recommendations. 21 This was also consistent with our observation that, when performed on paraffin-embedded tissue, both diffuse and focal C4d staining patterns were significantly associated with the presence of circulating donor-specific antibodies. 22, 23 In individual tubules, staining was considered to be present if more than half of the tubular basement membrane circumference was stained. Staining was further characterized as diffuse, focal, or minimal depending on whether 450%, 10-50%, or o10% of the microscopic fields showed the presence of tubular basement membrane C4d staining, respectively. The absence of detectable stain was regarded as negative. To facilitate statistical analysis, C4d staining in the Significance of renal C4d staining I Batal et al peritubular capillaries and tubular basement membranes was also assigned a numerical score of 0 (negative), 1 (minimal), 2 (focal), or 3 (diffuse). Bowman's capsule staining was qualitatively recorded as present or absent.
Circulating Donor-Specific Antibodies
Blood samples were collected on the day of transplantation and at multiple times after transplant. Serum/plasma specimens were tested using enzyme-linked immunosorbent assay (ELISA) or multiplex bead array (Luminex). For ELISA, we used commercial LAT-M and LAT-1288 ELISA kits (One Lambda, Canoga Park, CA, USA) to identify IgG anti-HLA class I and class II specific alloantibodies. The assay was read at 630 nm using an ELISA reader (ELX 800, Bio-Tek, Winooski, Vermont, USA, and computer software from One Lambda). All tests were run in duplicate and the results of ELISA screen were expressed as a percentage of the average positive serum control. For Luminex, antibody specificity was determined using single antigen beads supplied by two commercial vendors (One Lambda, Inc., and Tepnel Life Codes Corporation, Stamford, CT, USA). The procedure was performed in accordance with the manufacturer's instructions to identify IgG anti-HLA class I and class II specific alloantibodies. The presence of circulating donor-specific antibodies was determined based on detection of antibodies within a 3-month period of the biopsy date.
BK Virus DNA in Urine and Plasma
The urine and plasma samples were tested for BK virus DNA load using an in-house assay developed in the clinical laboratory. 24 Both urine and plasma samples are usually assessed in the same day.
In brief, blood samples were collected in EDTA tubes. Centrifugation was used for plasma but not for urine samples. The samples were frozen (À80 1C) within 6 h and used within 7 days. QIAamp Blood maxikit (catalog no. 51192; Qiagen) and QIAamp Blood minikit (catalog no. 51104; Qiagen) were used to extract DNA from 5 ml of urine or 200 ml of plasma. Oligonucleotide sequences, derived from the BK virus (Dunlop strain; GenBank accession number NC001538) capsid protein-1 (VP-1) gene, were amplified using published reaction conditions. The results were calculated from standard curves and were expressed as copies of viral DNA per ml.
Statistics
Descriptive statistical values were presented as mean±s.d. Continuous values were compared using analysis of variance (Kruskal-Wallis one-way analysis of variance on ranks and Mann-Whitney ranksum test). Categorical values were compared using Fisher's exact test. All analyses were performed using Sigma Stat 2.0.3 software (SPSS Inc., Chicago, IL, USA), and P-values o0.05 were considered statistically significant.
Results
Clinical Features
We studied 113 biopsies from 52 patients with BK virus reactivation (39 males, 13 females). The patient age ranged between 12 and 78 years (mean ± s.d. ¼ 51.3 ± 16.3). Most patients received lymphocyte depletion therapy at the time of transplant and tacrolimus monotherapy after transplantation. The mean whole blood tacrolimus levels and serum creatinine at the time of biopsies were 8.3±4.6 ng/ml and 2.8±1.31 mg per 100 ml, respectively.
The samples were divided into four groups according to the concurrent detection of BK virus DNA in urine, plasma, and biopsies using quantitative PCR and in situ hybridization: (1) BK-negative group when BK virus DNA was absent in plasma, urine, and biopsy (n ¼ 37); (2) viruria when viral DNA was detected in urine but not in plasma or biopsy (n ¼ 53); (3) viremia when BK virus DNA was present in the plasma with no detectable viral cytopathic effects and negative BK in situ hybridization in biopsy tissue (n ¼ 7); and (4) BK nephropathy when BK virus DNA was detected in the biopsy (n ¼ 16) (Table 1) . BK nephropathy cases included in-house (n ¼ 7) as well as consultation cases (n ¼ 9), for which no PCR data were available. All the inhouse BK nephropathy samples had concurrent detectable BK virus DNA in urine (range 2.92E þ 06 to 2.3E þ 10 copies/ml), and all but one had detectable viral DNA in plasma (range 1.54E þ 03 to 5.98E þ 05 copies/ml). These four patient groups (BK negative, viruria, viremia, and nephropathy) showed no significant differences in age, sex, whole blood tacrolimus levels, or post-transplant time of initial evaluation (Table 1) . Serum creatinine in viremia samples (3.5 ± 1.1 mg per 100 ml) was significantly higher compared with BK-negative (2.8 ± 1.5 mg per 100 ml, P ¼ 0.024) and viruria (2.6± 1.1 mg per 100 ml, P ¼ 0.037) samples, and tended to be higher than BK nephropathy samples, although serum creatinine values were not available in 6/16 consultation biopsies with nephropathy (P ¼ 0.08) ( Table 1) .
Histological Evaluation
Biopsies were performed 787 ± 708 days after transplantation. These biopsies were graded according to Banff 97 criteria 20 for acute rejection as follows: no rejection (n ¼ 18), borderline changes suspicious for acute rejection (n ¼ 26), IA (n ¼ 32), IB (n ¼ 18), IIA (n ¼ 3), and BK nephropathy (n ¼ 16). Histological evaluation showed a higher score of interstitial inflammation in BK nephropathy (2.4 ± 0.6) compared with BK-negative (1.6±0.9, P ¼ 0.002) and BK viruria (1.5 ± 0.9, Po0.001) groups ( Table 2 ). The tubulitis score was also proportionately higher in BK nephropathy (2.5±0.7) compared with both BKnegative and viruria samples (1.6 ± 1.0, P ¼ 0.003 and 1.7±1.4, P ¼ 0.004), respectively. No difference was found in the severity of glomerulitis, interstitial fibrosis, or tubular atrophy between these different groups. The progression of interstitial fibrosis was seen in three out of eight patients with BK nephropathy who had follow-up biopsies, and all three patients lost their grafts (960 ± 360 days later).
Peritubular Capillary Staining for C4d
Diffuse peritubular capillary staining was not observed in BK nephropathy or BK viremia groups, and was limited to viruria [9/53 (17%)] and BKnegative [4/37 (11%)] groups (Table 3) . Focal staining was observed in 4/16 (25%), 1/7 (14%), 9/53 (17%), and 13/37 (35%) of BK nephropathy, viremia, viruria, and BK-negative samples, respectively. Minimal staining was seen in 1/16 (6%), 0/7 (0%), 16/53 (30%), and 6/37 (16%) of BK nephropathy, viremia, viruria, and BK-negative biopsies, respectively. Semiquantitative peritubular capillary C4d score was lower in BK viremia (0.3±0.8) compared with viruria (1.2 ± 1.1, P ¼ 0.04) samples, and tended to be lower than that of BK-negative samples (1.2±1.1, P ¼ 0.05). A trend toward a lower peritubular capillary C4d score was detected in the BK nephropathy group (0.6 ± 0.9) compared with the BK-negative (P ¼ 0.06) and viruria (P ¼ 0.06) groups (Table 3) . When all samples with concurrent BK virus reactivation were considered (viruria, viremia, and BK nephropathy, n ¼ 76), diffuse and focal peritubular capillary C4d staining were present in 9/76 (12%) and 14/76 (19%) of biopsies, respectively (Table 3 ). According to the Banff 2001 criteria, 11 these were associated with the diagnosis of acute antibody-mediated rejection in 7/9 (78%) and 5/14 (36%) of cases, respectively.
The information on circulating donor-specific antibodies was available for 42 patients at 97 time points (37 BK-negative, 48 viruria, 7 viremia, and 5 in-house BK nephropathy samples). In the BKnegative group, diffuse, focal, minimal, and negative staining were associated with circulating donorspecific antibodies in 3/4 (75%), 7/13 (54%), 1/6 (17%), and 2/14 (14%) specimens, respectively (Table 4 ). In the viruria group, diffuse (Figure 1) , focal, minimal, and negative staining was associated with circulating donor-specific antibodies in 7/8 (88%), 4/8 (50%), 7/14 (50%), and 7/18 (39%) specimens, respectively. In the viremia group, no diffuse peritubular capillary staining was found. One biopsy with focal C4d was associated with circulating donor-specific antibodies. For BK nephropathy, information regarding circulating donorspecific antibodies was available only for five inhouse biopsies that showed focal (n ¼ 1) or negative (n ¼ 4) C4d staining in peritubular capillaries. Of these, only one biopsy was associated with detectable circulating donor-specific antibodies, and this sample did not show any peritubular capillary staining. Thus, no patient with BK nephropathy had a definitive diagnosis of antibody-mediated rejection. The association of different patterns of peritubular capillary C4d staining with the presence of circulating donor-specific antibodies was then compared between these different groups (BKnegative, viruria, viremia, and BK nephropathy). No significant difference was detected. When only samples with available donor-specific antibodies information were considered, it became evident that circulating donor-specific antibodies were absent in only 1/8 (12%) and 5/10 (50%) of all samples with concurrent BK activation with diffuse and focal peritubular capillary staining, respectively (Table 4) .
Peritubular Capillary C4d Staining in Previous Biopsies
We then evaluated the prevalence of acute rejection episodes in previous biopsies from patients with concurrent BK virus activation. Previous biopsies were not available for patients with concurrent diffuse C4d stain, whereas they were available for 7, 7, and 11 patients with focal, minimal, and negative C4d stain, respectively. Previous episodes of rejection associated with positive peritubular capillary C4d stain were detected in 4/7 (57%), 3/7 (43%), and 4/11 (36%) of patients with concurrent focal, minimal, and negative C4d stain, respectively. When the number of previous episodes with C4d-positive rejection was compared in these Significance of renal C4d staining I Batal et al aforementioned groups, no significant difference was detected.
C4d Staining in Tubular Basement Membranes and Bowman's Capsule
Diffuse tubular basement membrane staining was restricted to BK nephropathy group (4/16 (25%); Table 3 ). Focal staining was detected in 2/16 (13%) of BK nephropathy biopsies and only in 1/37 (3%) samples within the BK-negative group. It was not encountered in viremia or viruria groups. Minimal staining was observed twice in viremia group (2/7 (29%)) and in one biopsy with BK nephropathy (1/16 (6%)). Semiquantitative tubular basement membrane C4d scores for BK-negative, viruric, viremic, and BK nephropathy groups were 0.05 ± 0.3, 0±0, 0.3±0.5, and 1.2±1.3, respectively. Tubular basement membrane staining scores derived from BK nephropathy biopsies ( Figure 2a ) were higher compared with both BK-negative (P ¼ 0.017) and viruria groups (P ¼ 0.008) ( Table 3) . It is worth mentioning that tubular basement membrane staining was detected in proximal as well as distal tubules, and was not limited to the tubules showing viral cytopathic effects. The proportion of biopsies showing Bowman's capsule staining for C4d (Figure 2b ) was also significantly higher in BK nephropathy (5/16) compared with both BK-negative (2/36, P ¼ 0.023) and BK viruria groups (4/51, P ¼ 0.03).
As tubular basement membrane C4d staining was almost restricted to a subset of biopsies with BK nephropathy, we decided to compare histological parameters in biopsies with (n ¼ 7) and without (n ¼ 9) such staining ( Table 5 ). Samples with tubular basement membrane C4d stain showed a trend toward more interstitial inflammation (2.7±0.5 with tubular basement membrane staining vs 2.1 ± 0.6 without tubular basement membrane C4d staining; P ¼ 0.09), and significantly higher score for viral cytopathic effect (12.1 ± 7.6% with tubular basement membrane C4d staining vs 4.4 ± 5.0% without tubular basement membrane staining; P ¼ 0.03) ( Table 5) .
Clinical Course of Patients with BK Virus Infection and Antibody-Mediated Rejection
None of the patients with BK nephropathy was concurrently diagnosed with antibody-mediated rejection. This diagnosis was made in one patient with viremia, who had focal peritubular capillary C4d staining, and a previous episode of BK nephropathy. Despite cidofovir therapy, this patient developed graft failure 380 days later due to chronic allograft nephropathy. Within the viruria group, 11 samples from 6 patients were diagnosed with antibodymediated rejection (diffuse peritubular capillary stain (n ¼ 3) and focal stain (n ¼ 3)). Two of the three patients with diffuse C4d stain developed graft failure 239±113 days later because of due to chronic allograft nephropathy, whereas the third patient had functioning graft at the last follow-up (1018 days later). One of the three patients with focal C4d staining had graft failure owing to primary allograft dysfunction (182 days later), whereas the other two had functioning graft at the last follow-up (1120±303 days later). It is important to ascertain whether BK virus reactivation can result in C4d staining, as the presence of C4d in peritubular capillaries is now a widely accepted criterion for making the diagnosis of antibody-mediated rejection. Certainly, there is precedence in the literature for other viruses such as cytomegalovirus and Epstein-Barr virus, resulting in complement activation. 13, 14 However, the question has not received sufficient attention in the case of BK virus. Honsová et al. 15 reported that BK nephropathy was associated with focal peritubular capillary C4d staining in 9/12 (75%) needle biopsy samples, but did not present any data on the presence or absence of donor-specific antibodies. In our study, focal C4d stain was observed in only 4/16 (25%) of our biopsies with BK nephropathy. Peritubular capillary C4d scores were lower in viremia cases and tended to be lower in BK nephropathy cases compared with viruria and BKnegative cases. This argues strongly against BK virus activation being a cause of peritubular capillary C4d staining in the allograft kidney, particularly as peritubular capillary endothelial cells are not even a known target for BK virus infection. The lower peritubular capillary C4d scores in BK nephropathy and viremia might be expected, because both these clinical conditions are associated with excessive immunosuppression.
Discussion
The presence of diffuse (n ¼ 9) and focal (n ¼ 14) peritubular capillary C4d staining in patients with concurrent BK virus reactivation (including viruria, viremia, and nephropathy) was highly specific for the presence of circulating donor-specific antibodies, which were detected in 7/8 (88%) and 5/10 (50%) of such samples, respectively. These were associated with the diagnosis of acute antibodymediated rejection in 7/9 (78%) and 5/14 (36%) of cases, respectively. This observed association with donor-specific antibodies (diffuse 88 and focal 50%) is comparable to what we previously observed in biopsies taken from patients with acute cellular rejection not selected for BK virus activation (diffuse 94%, focal 38%). 23 Thus, the presence of peritubular capillary C4d stain should alert the pathologist to the possibility of antibody-mediated rejection, even if there is concomitant active BK virus infection.
In contrast to the peritubular capillary C4d score, tubular basement membrane C4d score was significantly higher in BK nephropathy samples compared with both BK-negative and viruric groups. This suggests that BK virus infection of the renal tubules might activate the complement pathway and result in tubular basement membrane C4d staining. Within the BK nephropathy group, tubular basement membrane C4d staining was associated with a higher viral load within the tubular epithelial compartment. This was in concordance with previous studies that showed that immune complex deposits in the tubular basement membrane are associated with more severe infection. 18, 19 In our experience, tubular basement membrane staining for C4d in paraffin-embedded tissue is an uncommon phenomenon that is seen in o5% of the allograft biopsies. 22 This staining pattern may not be entirely specific to BK nephropathy because we have seen it occasionally in the absence of active BK virus infection in patients with acute cellular rejection and in one case of recurrent antiglomerular basement membrane glomerulonephritis. 25 However, its presence, especially when accompanied by Bowman's capsule C4d staining, should prompt a more careful examination of the biopsy for viral inclusions. It has been previously shown that BK virus can infect the Bowman's capsular epithelium in 20% of the biopsies with BK nephropathy. 26 In summary, although the number of patients studied is limited, it seems that BK virus replication is not per se associated with complement deposition in the peritubular capillaries. Hence, peritubular capillary C4d remains a valid marker for antibodymediated rejection in patients with BK virus reactivation. However, a subset of BK nephropathy patients show C4d staining in the tubular basement membrane and, less frequently, in the Bowman's capsule. These patients have more tubular viral cytopathic effect than patients without C4d staining in the tubular basement membrane.
